Computer simulation plays an increasingly important role in engineering education as a tool for enhancing classroom learning. This research investigates the efficacy of using simulation in teaching the topic of transportation network growth through an experiment conducted at the Civil Engineering Department of the University of Minnesota. In the experiment, a network growth simulator program (SONG) was incorporated into a senior/graduate class in transportation system analysis. Results of the experiment show that the use of SONG effectively enhanced students' learning in terms of helping students develop in-depth understanding about the development process of network patterns, and helped them develop some aspects of judgment, problem-solving, and decision-making skills. However the use of SONG may have been more effective had some other barriers to learning been overcome.
INTRODUCTION
Conventional transportation engineering and planning education addresses the topic of travel demand modeling and network growth dynamics through lectures on general theories, pencil and paper problems, or class projects on related topics. Although this traditional approach imparts knowledge, there remains room to explore alternative teaching strategies to improve teaching outcomes by accommodating different learning styles, promoting active learning, and providing opportunities for students to practice judgment and problem-solving skills.
Simulation complements traditional engineering education methods. Simulations are engaging and allow learners to internalize knowledge by applying new skills in a riskfree environment, which can dramatically increase motivation and retention rates and provide a high return on learning efforts (Billhardt, 2004) . Despite its potential, simulations are used infrequently in transportation engineering and planning education.
One major barrier that prevents wide adoption of simulation lies in the uncertainty over how to develop, use, and incorporate simulations successfully into existing education environment (Billhardt, 2004) .
To bridge the gap, a transportation network growth simulator is developed and incorporated into a senior/graduate level transportation system analysis course as an assignment. Based on the assignment, the authors designed an experiment which enables an efficacy test on the network growth simulator as used in this class. This paper documents the process of the experiment and reports the findings from the evaluation.
SIMULATION IN EDUCATION
Advanced education and teaching are increasingly based on technological innovations in the area of multimedia and computer-based instruction (Alavi et al., 1997) . One of these innovations is the application of simulation. By definition, simulation is a dynamic representation of some part of the real world by building a computer model and moving it through time (Drew 1968) . Simulation allows learners to engage actively by running experiments, testing different strategies, and building a better understanding of the aspects of the real world which the simulator depicts (Pursula, 1999) . In simulation, learners' individual choices lead them down different paths toward different outcomes.
Essentially, simulation lets students learn directly from the outcomes of their own actions (Senge, 1990; Billhardt, 2004; Aldrich, 2003) . In particular, the value of simulation in transportation education can be summarized as the following:
Simulation provides learners with experiences: The importance of experience in human learning has long been emphasized. Phenomenological studies of human learning indicate that people pass through several levels in the learning of skills, ranging from the technical to the intellectual. High-level performance within a given area requires expertise based on experience, intuition, and judgment (Dreyfus and Dreyfus, 1986; Flyvbjerg, 2001 ).
Conventional approaches to transportation education emphasize rationality and are dominated by analytical training, which tend to deemphasize sensitivity to experience, context, and intuition (Flyvbjerg, 2001) . One reason for less emphasis on experiential learning lies in the fact that real world experience in transportation is difficult to apply to classroom learning, because effects of transportation policies take decades to materialize; additionally, the risks and costs of experimenting with transportation policies and concepts in the real world are prohibitively high. Simulations compress time and space.
Through simulation, experiential learning can be facilitated and encouraged.
Simulation provides opportunities for "learning through doing": many people learn best through taking actions, or "learning by doing" (Lowman, 1984; Mckeachie, 1986; Senge, 1990; Dreyfus 1986; and Lerman, 2002) . Rationales for learning by doing are rooted from the constructivist learning theories of Jean Piaget (1955) , according to whom, knowledge is constructed, discovered, transformed, and extended by learners; the role of faculty is to create conditions to facilitate knowledge construction by students (Johnson, et, al., 1998; Lyons, 2001 ). Simulation creates an environment to engage students in experiments and knowledge construction (Resnick, 1997) .
Simulation provides interactive learning environment: many students also learn from experience, but this learning only occurs if the consequences of actions and decisions are experienced in a rapid and unambiguous manner (Senge, 1990; Billhardt, 2004 ).
Providing quick feedback in an interactive manner is one of the advantages of simulators compared to other tools of experiential learning such as case studies, which, while allowing students to experience decision-making, are less effective in providing feedback.
In simulation, feedback can be given right after an action is taken, in which way learners tend to be more open to internalizing knowledge (Billhardt, 2004) .
Simulation diversifies teaching strategies: Diversifying teaching methods helps learning because it is a way to accommodate students' different learning styles. Research shows that no single learning style leads to better learning, however, benefits of certain teaching strategies can only be caught by students with certain learning styles; teaching while meeting different learning styles and orientations enhance teaching effectiveness (Cross, 1976; Matthews, 1991; Davis, 1993; Kolb, 1984; Perry, 1970) .
Simulation helps students move toward higher levels of intellectual development: Human learning develops with cognitive development ranging from feeling, watching, and thinking to doing (Kolb, 1984) . In terms of classroom activities, simulation has been identified as most suitable for students to develop and practice the highest stage of intellectual growth (Svnicki and Dixon, 1987; Claxton and Murrell, 1987; Erickson and Strommer, 1991; Fuhrmann and Grasha, 1983) .
Simulation engages motivation to learn: Effective learning in the classroom depends on the teacher's ability to motivate students and maintain their interests to participate in the course in the first place (Ericksen, 1978, p.3) . General strategies of motivating students include actively involving students to learn through doing, and vary teaching methods to reawaken students' involvement in courses (Forsyth and McMillan, 1991) , all of which can be achieved through the use of simulation.
on the new network, and the process repeats. At the end of the process, data is exported to a visualization tool, which will allow the growth to be seen in a movie-like fashion (Yerra and Levinson, 2004 ).
In the interface of SONG, as shown in Figure 2 , users can adjust parameters to change travelers' value of time, their willingness to travel, toll, how revenue and cost change in response to changes in road speed, flow and distance traveled and how investments are determined based on link performance. By adjusting these parameters, users can test the effects of these factors on the resulting network forms, which are visualized in terms of speeds or volumes on network links represented by different colors and thickness of the links.
An example, shown in Figure 3 , illustrates how SONG works. Figure 3 demonstrates different network patterns evolved from different elasticity of link maintenance costs to speed change. The initial network is shown on Figure 3a , where there are no speed differences across links. Figure 3b displays the resulting network speed pattern with cost elasticity adjusted such that a one percent increase in speed will lead to less than one percent increase in road maintenance costs, indicating an economy of scale in upgrading road speed. Figure 3c shows the resulting network speed pattern with a diseconomy of scale in upgrading road speeds holding all other factors constant.
Users can draw two implications from the simulation: first, hierarchical patterns emerge out of a uniformly laid out network with fewer higher-speed links clustered around the center and a larger number of lower-speed links distributed adjacent to the network borders; and second, economies of scale (Figure 3b ) lead to greater investment to increase road speed, and diseconomies of scale create fewer incentives for upgrading speed, resulting in generally lower and more uniform speeds across the network ( Figure   3c ).
The same experiments can be done in a randomized manner as demonstrated in Figure 3d -f, where similar network patterns occur except that randomized speed distribution leads to more stochastic network patterns instead of the symmetric patterns shown in Figure 3a Soft Simulation: SONG is a "soft simulation", which provides a qualitative understanding of a complex system by constructing a simple one that shares the same principle (Papert, 1992) . In many cases, simulations are designed to imitate and make predictions about real-world systems as accurately as possible. However, in SONG, more interest is placed on "stimulation" than in "simulation". In developing the simulator for classroom use, the focus is not on a perfect reproduction of the real world, but rather to help students explore the "microworld" of transportation network systems and to stimulate new ways of thinking about the network growth and planning process.
Simpler, Easier, and Cheaper: Conventional planning software packages, such as EMME/2, TransCAD, and TranPlan, are often cumbersome, difficult to learn, and expensive. SONG is simpler and easier to learn, and is free for students to use. Hence, it costs both students and instructors less to incorporate SONG into the curriculum.
Network Growth Model: SONG is also distinguished from other transportation simulation programs in that it is a network growth model. So far, the authors have discovered no literature on educational application of network growth models.
Given its features, SONG is expected to have a value in the teaching of transportation network evolution. This study investigates the usefulness and efficacy of SONG as an educational tool by adopting SONG into a transportation planning/ engineering course. The particular learning outcomes expected through using SONG include:
• Stimulate new ways of thinking about the dynamics of network development
• Enhance the ability to draw implications of alternative policies on transportation network form Chen 2006 • Develop understanding of the transportation network development process, the influencing factors and players
• Develop an understanding of travel demand modeling process
• Develop problem-solving skills and judgment skills in infrastructure investment decision making
Test Hypothesis: The research objective of this experiment is to investigate if the use of simulation can improve the learning outcomes, and test the hypothesis that SONG can be an effective tool for enhancing students' learning on the subject of transportation network growth.
Generate Guidelines for Applying Simulation in Transportation Education:
Experience, findings and lessons learned from this study will be summarized to provide implementation guidelines for attempts to innovate in teaching through the use of simulation.
Transportation Systems Analysis is a 3-credit senior/graduate course. The course objectives are to have students acquire knowledge of travel behavior, travel demand forecasting, and network growth, and to develop context sensitive use of problem-solving and judgment skills necessary for success in the transportation profession as civil engineers and planners. Previously, the teaching used traditional approaches of lecturing, problems, and examinations. While these approaches led to learning by students, they may not fully foster learning and application of knowledge. Hence, SONG is incorporated into this course as an innovation for improving teaching effectiveness. Table 3 summarizes the students' backgrounds.
The experiment incorporates SONG into a homework assignment of CE 5214.
The experiment process, shown in Figure 4 , contains three parts: 1) Comparative Study on Two Groups: the experiment randomly divided the class into two groups with the control group receiving the traditional case study-based assignment and the treatment group taking SONG-based assignment (both assignments and related documents are available at http://www.ce.umn.edu/~levinson/Projects/TEL/TEL.html ). A comparative study on the two groups aims to determine whether students learn better with SONG than without it; 2) Assignment Design: As shown in Table 1 , the control assignment and treatment assignment are designed such that the objectives, substances, and work loads are of no significant difference. They differ, however, in that the treatment assignment is based on the simulation platform, it allows students to make changes and see consequences of their actions, it allows students to see the visualized outcomes, it is interactive, and allows students to learn through "doing"; and 3) Evaluation: Two surveys and one exam are conducted to assess students' performances and investigate SONG's efficacy as a learning tool.
EVALUATION
As shown in Table 2 , the evaluation involves two steps: control students' background differences and other confounding factors, and compare learning outcomes between the two groups. Data for the evaluations are collected from the pre-assignment survey, the post-treatment survey, and final exam.
Beyond the simulator, many other factors also affect students' learning. An analysis of these factors provides critical information for determining whether the differences in learning outcomes can be attributed to the effects of the simulator. In particular, students' academic background, relevant prior experiences and knowledge, computer proficiency, and learning styles are expected to affect their performance in the assignment.
In this study, self-reported learning styles are assessed with Kolb (1984) 's Learning Style Inventory (LSI), and Felder-Silverman (1988)'s Index of Learning Styles (ILS). As shown in Figure 5 , LSI is an established tool for learning style assessment; while ILS is developed mainly to assess learning styles of engineering students (Evans, et al., 2000) . It is expected the educational benefits of SONG are most likely to be captured by students with preferences to learn through watching and doing, and students who prefer visual and active styles of learning.
With students' background differences and other confounding factors being controlled, students' learning outcomes are compared to determine whether the use of SONG leads to different learning by the two groups. Learning outcomes are measured with three criteria: (1) time taken to complete the assignment, (2) achievement of learning objectives, including subject understanding, and skills improvement, and (3) students' reflections on the learning experiences with the assignments.
Of 31 students, 27 students finished the homework on time, 26 students responded to the pre-treatment survey, and 25 students responded to the post-treatment survey.
Results of the assessment on students' background, learning styles, prior knowledge, and prior skills are shown in Table 3 .
Demographic, Academic, Professional Background and Technical Capacity Assessment
indicates that none of the factors examined are significantly different between the treatment group and the control group; learning style assessment shows no significant differences between the two groups either. It is also revealed that 15 out of 28 students prefer learning through "watching" and 20 out of 28 students prefer learning through "doing", implying that the use of simulator matches the learning preferences of the majority of the class; Prior knowledge assessment indicates that the treatment group is significantly less familiar with travel demand modeling process, and transportation simulation; and Prior Skills Assessment decomposes and evaluates students' judgment skills and problem-solving skills at a factor level. It is implied that the control group perceives themselves significantly stronger in terms of forming opinions (judgment skill) and developing methods to solve problems (problem-solving skill). The same differences persisted through post-treatment survey.
Learning outcomes are measured in terms of students' performance, time spent on the assignment, and students' reflections on their assignment learning experience.
Student performance is assessed both through surveys in terms of their perceived improvements on skills and subject understanding, and through their performance on the final exam.
Three exam questions test the subjects of travel demand modeling process, network development process and students' problem-solving skills in infrastructure investment decision-making. To assess students' ability to apply the concept learned, students were asked to use examples to illustrate their answers.
The exam grading criteria include: relevance of the answers-how closely and clearly the questions were addressed, application of the concept-how well examples are interpreted, and depth of understanding on the subject examined. Depth of learning is assessed in terms of understanding, understanding the subject in a different ways, and incorporating learners' own position and perspectives (Romme, 2002) The reason for evaluating students' depth of understanding is that the treatment group is expected to lean toward deeper learning than the control group. Different from surface learning, which is tied to a specific learning situation given, such as a text, problem or assignment (Martin, 1999; Romme, 2002) , a deep learning goes beyond the given situation or problem, and explores the larger issues represented by a particular problem (Martin, 1999) . SONG is expected to be more productive and valuable in facilitating deep learning because of the interactive situation and complex interplay of variables provided through the simulation. Results of learning outcome assessment are summarized in Table 4 .
Performance assessed through surveys: In terms of students' perceived improvements on subject understanding through the assignment, the treatment group enhanced their understanding significantly better than the control group about development process of network pattern. In terms of skill improvements assessed by comparing perceived skill changes through the assignment between the two groups, the treatment group indicated significantly more improvements than the control group in terms of their ability to identify the relationship of components in transportation systems and the ability to use established criteria to evaluate and prioritize solutions.
Performance Assessed through Final Exam Questions:
In terms of subject understanding, which were assessed through questions on four-step travel demand modeling, and on development process of network pattern, the treatment and control groups were found to perform equally well. In terms of students' decision-making and problem-solving skills, the overall performance of the treatment group is found to be significantly better than the control group.
Time spent on completing the assignment and students' reflections on the experiences of learning through the experimental homework is another aspect of performance being examined. After the experiment, students were surveyed about the time they spent on completing the assignment, their satisfaction with the amount of time they have spent, as well as their effectiveness in completing the assignment. No significant differences between the treatment and control groups were found in these regards. Students' reflections on the learning experiences, which are informative as for how well they learned and how helpful was the teaching strategy they experienced, are of no significant differences between the two groups either.
Learning Outcomes vs. Students' Characteristics:
To explore what kind of students gain most from the simulation-based assignment, regressions were run between students' performances and several explanatory variables on students' characteristics. As shown in Table 5 , taking simulation-based assignment is positively and significantly associated with students' self-reported improvements in their understanding of the development of network patterns. Contrary to expectation, students who prefer learning through thinking (reflective learning) instead of learning through doing (active learning) are positively associated with understanding improvements on this subject with statistical significance. At the 99% confidence level, simulation treatment is positively associated with students' perceived improvements on the ability to identify relationships of components in transportation systems. Students' relevant working experience is negatively correlated with improvement on this particular skill.
Students' performance on the exam is also associated with some of their characteristics as shown in Table 5 . In terms of the question on network development pattern, students' ability to incorporate their own perspective into the answers is positively related to their age and relevant working experiences. Students who are more oriented to global and holistic thinking and those who prefer constructing their own knowledge are more likely to perform well on this regard. In terms of students' decisionmaking skills, it is found that, students with more relevant courses taken before are more likely to perform better on this question; and students with preference to constructing their own knowledge and who have taken more relevant courses showed stronger ability to understand the subject in different ways.
CONCLUSIONS AND LESSONS LEARNED
Findings from this research can be summarized as the follow: first, the use of SONG is effective in improving students' performance in some areas of learning. With SONG, students performed significantly better in learning network development patterns and in developing their ability to identify a relationship of components in transportation systems, the ability to establish criteria to evaluate and prioritize solutions, in developing decisionmaking skills and in-depth understanding of the investment decision making process.
Second, as summarized in Table 6 , those who performed better in certain learning areas possess certain characteristics in terms of their age, education level, computer proficiency, prior experience as well as learning styles. Hence, for different learning outcomes pursued, it can be effective to apply simulation to learners of appropriate age, educational level, learning styles and prior knowledge;
Third, for most of the learning outcomes assessed, the treatment group performed as well as the control group. As revealed from the surveys, the lower-than-expected learning outcomes achieved by the treatment group can be explained by three factors: (1) in terms of prior knowledge and skills, the control group had significant advantages over the treatment group as indicated in the background assessment; (2) design of SONG: a good educational simulator depends on its complexity and feedback (Billhardt, 2004) , while this study indicated that the messages SONG sent were not clear or self-explanatory to the treatment group. It is also indicated that SONG was not complex enough to incorporate some of the real world situations students were interested to test; and (3) in terms of course design, insufficiency of instruction and supporting information, as well as lack of clarity in instruction and supporting information were indicated by the treatment group as problems with learning; additionally, timing and workload were indicated as problems since the assignment was near the semester's end, when students are likely to be overloaded, introducing pressure as another confounding factor to this study.
Issues with course design and SONG's usability created a barrier to learning, and prevented students from capturing the full educational benefits of SONG. This provides 2006 valuable lessons for guiding future practice in adopting simulation into educational setting:
• Provide reasonable complexity of simulator
• Feedback from simulators needs to be unambiguous and self-explanatory
• Interactive instruction is desirable: To help students learn simulators, interactive lab instruction is more effective in removing technical barriers than one-way lecturing.
• Proper work load and timing: Work load and timing of the assignment needs to be carefully designed so that students can be given more time to "play", and the 'fun" of simulation is more likely to materialize.
• Clear assignment instruction: Be specific about the tasks students need to fulfill the assignments. This creates effective orientation of the substance students are expected to learn from the simulator.
• Maintain sufficiency of instructions and supporting information Future use of the SONG simulator should address these issues, including perhaps using the simulator at or near the beginning of the course, rather than at the end, so that students can see the whole before the parts (costs, revenues, travel demand, investment) are disentangled as the course gets deeper. This too should be followed up with an evaluation and compared with these results, to ascertain whether those changes improved learning outcomes as posited. 
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